ABSTRACT The grasshopper subfamily Melanoplinae, comprising a large number of genera and species, maintains a distribution throughout Eurasia and the New World. Despite various attempts to subdivide the subfamily, taxonomic assignments within the Melanoplinae remain unclear. However, the placement of Eurasian and related Nearctic genera within a separate tribe, Podismini, is a common feature within most proposed taxonomic schemes. The Podismini have been independently divided into two and four subtribes on the basis of cytogenetic and morphological traits, respectively; however, the two schemes differ with respect to the placement of certain genera. This study analyses sequence data obtained from portions of four mitochondrial genes (cyt b, COII, ND2, and COI) to (1) test the hypothesis that Eurasian podismines are monophyletic and (2) examine which, if any, of the proposed subtribal afÞliations is correct. The view that the nominate genus, Podisma, represents a form closely related to the ancestral podismine stock was also examined. Parsimony, neighbor-joining, and likelihood tree construction methods demonstrate strong support for claims of Eurasian podismine monophyly. Application of the molecular clock method places the separation from North American melanoplines at Ϸ62 mya. Neither cytogenetic nor morphological subtribal assignations of genera within Podismini is supported by molecular data. Lastly, our analysis shows that Podisma, rather than occupying a basal position among the podismines as suggested in the literature, is a more recently evolved genus.
THE GRASSHOPPER SUBFAMILY Melanoplinae, comprising over 100 genera and 800 species (Otte 1995) , represents a diverse assemblage of species that ranges throughout Eurasia and the New World (Vickery 1987 , Otte 1995 . Unfortunately, organization of taxa within the subfamily is unclear. Melanoploids have been divided into two (Vickery 1977) , three (Rehn and Randell 1963) , or seven tribes (Vickery 1997) . Nevertheless, each system unites all Eurasian and certain North American genera within a single tribe, Podismini; Otte (1995) also identiÞes the group, but as the subfamily, Podisminae. The rest of the Melanoplinae are restricted to the Americas (Rehn and Randell 1963) . Regardless of taxonomic nomenclature, Eurasian podismines are thought to constitute a monophyletic group with respect to North American melanoplines, the former reportedly originating in evolutionary centers within Eurasia (Rehn 1954 ) and the latter in centers within North America (Rehn 1958) . Accounts of more recent phylogeographic events leading to the establishment of the Podismini within North America are described by Vickery (1987) and will be examined in a subsequent study.
There have been some attempts to organize genera within Podismini into two or four subtribes using either morphological (Rehn and Randell 1963) or cytological data (Fontana and Vickery 1976) . These allocations, however, are not totally congruent and, at times, have led to some controversy. For example, the morphological characters chosen by Rehn and Randell (1963) were described by Cohn and Cantrall (1974) as "so variable and so overlapping" as to be of limited use in phylogenetic studies. Vickery (1977) regarded the relationships proposed by Rehn and Randell (1963) as "phylogenetically heterogeneous." Indeed, both cytological and morphological characters, especially in Acrididae, are known to be variable, plastic and subject to convergence (Hewitt 1979 , Amedegnato 1993 . Recently, Perez-Gelabert and Otte (2000) have questioned the ability of morphological traits to resolve systematic disputes among the melanoplines; they go on to indicate that phylogenetic analyses of genetic data are required to resolve uncertainties.
This study uses mtDNA sequence data to test the hypothesis of Eurasian podismine monophyly and assesses the validity of the different subtribal assignations of genera. MtDNA sequence data have proven useful for elucidating phylogenetic relationships at comparable taxonomic levels in insects in general (discussed in Simon et al. 1994) , including acridids (discussed in Chapco et al. 1999 ).
Materials and Methods
Eleven specimens representing nine species and eight genera in the tribe Podismini, and (Table 1) . These three particular Melanoplus species were chosen based on a previous demonstration of their diverse phylogenetic positions within that genus (Chapco et al. 1999) . Outgroup taxa were Schistocerca gregaria Forskål, a member of the subfamily Cyrtacanthacridinae (Chapco et al. 1999) , and Locusta migratoria (L.), a member of the subfamily Oedipodinae (Chapco et al. 1997) . A complete list of specimens, as well as information on sources and collection locations, is provided in Table 1 .
Depending on the age and method of storage of the specimen, total DNA was extracted using either a standard phenol procedure (Chapco et al. 1992) , a "boiling" method (Hoy 1994) , or a method using dodecyltrimethylammonium bromide (DTAB) and cetyltrimethylammonium bromide (CTAB) (Phillips and Simon 1995) . Greatest success in extracting DNA and in the subsequent polymerase chain reaction (PCR) ampliÞcation of mtDNA from museum specimens was obtained using the method of Phillips and Simon.
Portions of four mitochondrial genes, cytochrome b (cyt b), cytochrome oxidase subunit II (COII), NADH dehydrogenase subunit II (ND2) and cytochrome oxidase subunit I (COI) were analyzed. A schematic diagram showing the names, orientation and relative binding positions of primers used in PCR and DNA sequencing is presented in Fig. 1 . Primer sequences can be found for cyt b, COII and ND2, in Litzenberger and Chapco (2001) and for COI in Table   2 . For each gene, the primer pair generating the largest PCR fragment ( Fig. 1 ) was used for freshly collected and ethanol-preserved insects (symbols ÔwÕ and Ôfa,Õ Table 2 . Arrows indicate the orientation of each primer; numbers between the arrows and the bold line represent the position of the 5Ј nucleotide relative to the Locusta migratoria mtDNA genome (Flook et al. 1995) . Table 1 ). However, DNA preparations from remaining specimens yielded no ampliÞcation products with these primers. Therefore, additional primers (described in Litzenberger and Chapco [2001] and Table 2 ) spanning shorter, overlapping portions of the four genes, were designed and successfully employed. PCR ampliÞcation conditions for cyt b, COII, and ND2, as well as sequencing protocols for all templates, are described in Litzenberger and Chapco (2001) . For COI, PCR conditions were identical to those used in the ampliÞcation of the ND2 fragment .
Sequences were aligned by visual inspection and imported into MacClade version 3.0 (Maddison and Maddison 1992) . Phylogenetic relationships were inferred using maximum parsimony (MP), weighted MP (wMP) and neighbor joining (NJ) methods, available in the software package PAUP version 4.0b4a (Swofford 1999) . Heuristic MP searches were performed using the simple addition sequence and the TBR branch swapping algorithm. To minimize the possible effects of homoplasy in the data set, successive rounds of weighting were performed using rescaled consistency indices, as outlined by Farris (1969) . Identical addition sequence and branch swapping conditions were employed for these searches. For distance-based analyses, pairwise sequence differences were compared using the Kimura 2-parameter (K2) transformation. Levels of support for individual relationships, derived from parsimony and distance analyses, were estimated through 1,000 bootstrap replicates. Bootstrap values for parsimony analyses were obtained using the addition sequence and branch swapping algorithm mentioned above.
Heuristic maximum likelihood searches were performed using the "as is" addition sequence and the TBR branch swapping algorithm. The likelihoods of trees representing competing hypotheses with respect to subtribal afÞliations within the Podismini were compared using the KishinoÐHasegawa test (Kishino and Hasegawa 1989) , available in PAUP.
Results and Discussion
Sequence data, deposited in GenBank (Table 1) and totaling Ϸ1716 bp, consisted of 258, 381, 467, and 610 bp for cyt b, COII, ND2, and COI gene fragments, respectively. Across all genes, 646 sites were variable and 371 parsimony-informative; the latter were distributed among Þrst, second and third codon positions as follows: 91, 27, and 253 bp, respectively. Sequence lengths were identical across taxa with two exceptions. Both subspecies of Podisma sapporensis as well as P. pedestris (L.) from Russia had an insertion of six continuous nucleotides in the cyt b gene and the P. pedestris specimen from France contained an insertion of three nucleotides in the ND2 gene. For eight podismine specimens (see Table 1 ), ampliÞcation of DNA bracketed by the primers ND2A and ND2C could not be achieved, resulting in the absence of Ϸ110 bp of data; these sites were treated as missing in MP searches and ignored in pairwise distance calculations. Observed AϩT values (70.6% for cyt b, 69.4% for COII, 74.2% for ND2, 66.6% for COI) are typical of insects in general (Simon et al. 1994) , including grasshoppers (Chapco et al. 1999) .
Each MP and wMP search yielded a single most parsimonious tree; length and consistency indices were 1,054, 48.6% and 229.21, 69.4%, respectively. Owing to a general lack of topological conßict among MP, wMP, and NJ methods, a tree summarizing their outcomes was constructed (Fig. 2) . In this tree, branches are depicted as resolved if they are supported in Ͼ50% of the bootstrap replicates for at least one of the tree construction methods. The topology shown in Fig. 2 also has the greatest likelihood (Ϫln L ϭ 9363.22).
The Eurasian podismines form a monophyletic group (91% bootstrap support using wMP) with respect to the North American taxa (Fig. 2) . To estimate the time of their separation from Nearctic forms, an "orthopteroid clock" was employed. Our calibration method, described and discussed in detail in Chapco et al. (2001) is based on fossil data and transversional differences. The fossil data pertain to the time of separation of the suborders Caelifera and Ensifera, 225 mya (Flook and Rowell 1997) . Transversions, according to previous studies and references therein), accumulate linearly. Based on these considerations, our calculation yielded a rate of 0.04% per million years per lineage. The average K2 transversion distance (Appendix 1) between North American and Eurasian taxa is 4.96 Ϯ 0.68% (n ϭ 55), dating the split at Ϸ62 mya (95% CIE: 59.7Ð 64.3 mya). This would place the bisection within the early Tertiary/ late Cretaceous, a time when the northern continents formed a single circumpolar land mass and climatic conditions for insect activity were favorable. Dispersal could have occurred via either the Bering Land Bridge or one of several North Atlantic connections (Tiffney 1985 , Kavanaugh 1988 , Askevold 1991 . Given that these barriers were not disrupted until much later (38 and 6 mya for eastern and western North America, respectively), a vicariant origin of the two tribes is unlikely, contrary to VickeryÕs (1986) view that the -GGAGGATTTGGAAATTGATTAGTTCC-3Ј  CO1A  5Ј-TAAATCAACTGACGCTCCACC-3Ј   CO1B  5Ј-AGTTTACCCTCCACTCGCTGG-3Ј  CO1C  5Ј-AAAAGGAGTGCTGTAATAGCTACTG-3Ј   CO1D  5Ј-CACTAGACCAAACACCATTATTTG-3Ј  CO1F  5Ј-CCTGGTAAAATTAAAATATAAACTTC-3Ј   CO1E  5Ј-ATTTTGATTCTTTGGACACCC-3Ј  mtD11 5Ј-ACTGTAAATATATGATGAGCTCA-3Ј mtD6 and mtD11 are also named C1-J-1718 and C1-N-2329, respectively, by Simon et al. (1994) . These two primers were used to amplify the COI fragment from freshly collected insects in one piece.
splitting of the Laurasian super-continent was somehow associated with the division into two tribes.
Within the Podismini, the genera Parapodisma, Primnoa, Anapodisma, and Zubovskya occupy basal positions (Fig. 2) and are distributed solely within eastern Asia (Bei-Bienko and Mishchenko 1951) . This is consistent with Rehn and RehnÕs (1939) and VickeryÕs (1987) speculations regarding an eastern Asian (Angaran) origin of the podismines. If true, European taxa, represented here by Miramella and Pseudopodisma (Bei-Bienko and Mishchenko 1951, Galvagni and Fontana 1995) , probably originated from the east. Interestingly, the average K2 transversion distance (Appendix 1) separating European and Asian taxa is 3.07 Ϯ 0.64% (n ϭ 14); this places their separation at Ϸ38 mya (95% CIE: 33.8 Ð 43.0 mya), roughly coincident with the retreat of the Turgai Straits (Noonan 1986) . A podismine colonization of Europe from Siberia was also proposed by La Greca (1977) ; however, he placed this event during the Pleistocene (Ͻ2 mya). For our statements to have greater support, additional genera with distributions limited to Europe would have to be sampled.
Agreement with other speculations previously expressed in the literature is mixed. In particular: (1) The monophyly of each of the subtribes Podismina and Miramellina, as deÞned either morphologically (Rehn and Randell 1963) or cytologically (Fontana and Vickery 1976) , is not supported by our molecular data. The 2n ϭ 21 genera (labeled ÔMirÕ in Fig. 2) , represented here by Anapodisma, Miramella, Parapodisma, and Zubovskya (Vickery 1977 , Hewitt 1979 , Bugrov et al. 1994 , do not form a clade in any of the analyses (Fig. 2) . Furthermore, the difference in loglikelihoods between the ML tree (Ϫln L ϭ 9363.22) and a tree in which the 2n ϭ 21 and 2n ϭ 23 genera are each forced to be monophyletic is highly signiÞ-cant (‚ ln L ϭ 131.32 Ϯ 24.90; P Ͻ 0.001). Results, therefore, support a polyphyletic origin of the 2n ϭ 21 group, assuming 2n ϭ 23 to be ancestral (Vickery 1977) . Given the apparent ease with which chromosomal fusions within Acrididae can occur (Hewitt 1979) , our Þnding is not surprising.
(2) The clade uniting the two Podisma pedestris, two Podisma sapporensis, and Ognevia specimens was highly supported using all methods of tree construc- Table 1 . Summaries of subtribal placements in Podismini (Pod) and Miramellina (Mir) as based on cytogenetic and morphological data are placed under CYTOLOGY and MORPHOLOGY, respectively. Unknown subtribal afÞliations are shown as Ô?,Õ Primnoa was placed in a separate subtribe based on morphological data (ϩ).
tion and is in agreement with the morphological and cytological assignments of Rehn and Randell (1963) and Fontana and Vickery (1976) , respectively.
(3) The literature (Otte 1995) regards sapporensis and kurilensis as subspecies of Podisma sapporensis, and their close relationship is upheld here. As a commentary on the arbitrariness of the subspecies rank (Futuyma 1998) , it is interesting to note that the K2 distance separating them (0.95%), although small, is far in excess of distances separating pairs of species within Melanoplus (Chapco et al. 1999) .
(4) At one time, Podisma sapporensis was viewed as a member of Parapodisma (Bei-Bienko and Mishchenko 1951), owing to morphological similarities to other members of that genus. However, this afÞliation is not supported cytologically (Fontana and Vickery 1976) or by our molecular Þndings. It is concluded, therefore, that Podisma sapporensis and members of Parapodisma, both of which maintain distributions in the extreme eastern regions of Asia, including Japan, have contrasting phylogeographic histories; the former is derived from a relatively recent inhabitant of the region, while a common ancestor involving the latter is more ancient.
(5) Assertions Rehn 1939, Vickery 1977 ) that the genus Podisma represents a form closely related to the ancestral podismine stock are not supported by our data. Although Dirsh (1975) referred to Podisma as the oldest genus in the subfamily, its internal position (Fig. 2) suggests that this genus has either retained features deemed ancestral (although none of the cited authors specify the polarity of the traits employed in their work) or undergone a morphological reversion.
Our claim that Eurasian podismines form a monophyletic group has to be viewed as a preliminary result, given the limited sampling of genera (Ϸ25% of Eurasian genera). Nevertheless, even with this number of genera, we were able to reject claims of subtribal monophyly and of the ancestral-like status of the genus Podisma. Also, our preliminary results provide working hypotheses, ancillary to those expressed in the conventional literature, on the origin and time of origin of the Eurasian podismines.
